ECCD to modify the current density profile in a plasma operating above the no-wall ideal stability limit with q min > 2.0, plasma conditions with β ~ 3% and the noninductive current fraction of ~90% were produced and sustained for nearly 2 s (limited only by the duration of the ECCD pulse). This experiment successfully integrated all of these elements simultaneously. In these discharges, ECCD is essential to producing negative central magnetic shear, helping to form a weak internal transport barrier (for both ions and electrons) that is maintained in the presence of a fully developed H-mode edge with type I edge localized modes (ELMs).
Modeling and simulation have become essential tools for this experimental program.
Modeling prior to the experiment based on an existing DIII-D discharge was used to develop detailed experimental plans. Figure 1 shows the temporal evolution of the safety factor and current profile predicted by modeling prior to the experiment based on a target discharge with neutral beam injection (NBI) only. Upon application of 3 MW ECCD localized at ρ = 0 4 . , the central magnetic shear is predicted to become negative, primarily due to an increase in q 0 . The q min value is predicted to transiently decrease, but evntually become stationary at higher levels than in the NBI-only reference discharge. ECCD is predicted to prevent continuous inward penetration of Ohmic current and to sustain the required off-axis current peak position. The modeling successfully predicted the features of experimental results, and helped bring theory, experiment and diagnostics together in the execution and analysis of these experiments.
Predictive modeling indicates that fully noninductive sustainment of high β discharges is possible with tools available to the near term DIII-D program.
In this paper, we describe an overview of the discharge evolution with ECCD, and compare it with similar discharges with electron cyclotron heating (ECH) [no current drive (CD)] and NBI-only. We then discuss ECCD analysis and current profile evolution. Results of a 1-1/2 D transport calculation of current profile evolution are compared with key experimental measurements such as motional Stark effect (MSE) diagnostics and internal loop voltage analysis. We then discuss a separate experiment where nearly steady state current and pressure profile at high β were maintained with q min > 1.5. Finally, we use this discharge as a basis for predictive modeling for fully noninductive operation with broadly distributed off-axis ECCD at a higher β.
II. EXPERIMENT IN THE q min > 2 REGIME
Figure 2 compares three AT discharges with similar operational parameters: a reference shot with NBI alone; one with ECCD; and the other with ECH (electron cyclotron heating; no CD). In these discharges, H-mode was induced early in the current ramp to slow down the penetration of the Ohmic current giving high q min , q min > 2.5, at the end of the current ramp. After β N was ramped up, feedback control of the neutral beam power was used to maintain β N = 2.8. This value was above the measured no-wall stability limit (β N ~ 2.5) and was below the experimental β Bootstrap current is calculated by the Hirshman 78 model with the large aspect ratio approximation [16] , because the 1997 NCLASS [17] model that is available in TRANSP had numerical stability problems for certain DIII-D shots. The Hirshman 78 model has been compared with two leading bootstrap current models: latest NCLASS model [17] and Sauter model [18] . The effects of different approximations to collisionality and geometry are found to be less than 10% of the total bootstrap current under the present experimental conditions.
The profiles of the total current calculated from this procedure (Fig. 4) shows that ECCD prevents inward Ohmic current penetration. The noninductive current density clearly peaks off-axis. As the density peaking increases, the bootstrap current increases inside the ECCD radius, which broadens the local peak of J φ at ρ ≤ 0.4. Nevertheless, the peak current density position remains robustly fixed at ρ = 0.4, as long as the ECCD continues. This was not the situation in the ECH case, where the current peak continues to move in, as indicated by the broad peak of J φ .
The current profile evolution predicted by the simulation can be directly compared with the MSE polarimetry. The measured pitch angles depend not only on the poloidal magnetic field (B θ ), but also on the radial electric field (E r ). Although the MSE measurements can determine E r as well as B θ due to different viewing directions [9], we supply the E r information from charge exchange recombination (CER) measurements for carbon impurity:
where Z i is the ion charge, n i is the ion density, e is electric charge, P i is the ion pressure and v θ and v φ are the poloidal and toroidal rotation velocities. With strong tangential NBI, E r in the core (typically up to ~50 keV/m) is dominated by the toroidal flow. In the MSE analysis and simulations, systematic offsets errors in the calibration in individual channels were adjusted to agree with calculated pitch angles (including E r effects) at one early time (t = 1.4 s for the ECCD case). MSE simulations with E r effects included
reproduces the MSE signals throughout the discharges extremely well [4] . This includes fluctuations due to varying plasma conditions (e.g., due to ELMs) and E r variations introduced by the NBI power feedback. as discussed in Ref. [19] . The experimental J φ for each case is shown by three different histograms corresponding to three different MSE systems: tangential, radial, and edge.
Both the simulation and the MSE measurements show broad current profile with ECH and more off-axis peaked with ECCD. The off-axis peak is broader than the ECCD driven current. This is because: (1) substantial Phirsch-Schlüter current component which is averaged out once it is flux-surface averaged; and (2) bootstrap current aligned to the inboard side of the ECCD current peak. Improvement in bootstrap current arises from increased peaking of density and temperature profiles. The off-axis electron temperature was increased by the off-axis heating for ECCD and ECH cases, but an increase in the central electron temperature was only evident with ECCD, as seen in Fig. 2(f) and the radial profile in Fig. 3(b) . The central ion temperature increased substantially with ECCD. The performance improvement observed in this case is in contrast to typical observations of significant confinement deterioration when electron heating is applied in plasmas with T i >> T e [21, 22] . ECCD was essential to producing negative central shear (NCS) and forming a weak ITB (in both electrons and ions) that was maintained in the presence of Type-I ELMs. Since the primary difference between the ECCD case and the ECH [and also neutral beam injection (NBI)-only] case was the change of the current density profile, the improved transport properties are the direct consequence of the change in the current profile, i.e., the increase in NCS induced by the ECCD.
Improved transport was observed in all transport channels, as shown by electron thermal, ion thermal, electron particle, and toroidal momentum diffusivities in the core region (ρ < 0.35) in the ECCD case, but much larger than χ i neo at outer radii.
The confinement improvement with ECCD, is evaluated using the gyrokinetic stability (GKS) code [23] , which calculates the stability of ion temperature gradient (ITG) modes. resolve interchange modes, the GKS code calculation is invalid in this region [25] . It is also pointed out that the effective neoclassical thermal diffusivity becomes nearly equal to the experimental value at ρ < 0.35 for the ECCD case [ Fig. 8(b) ], as discussed earlier.
III. EXPERIMENT IN THE q min > 1.5 REGIME
Although the q min > 2 regime has an advantage of minimizing susceptibility to neoclassical tearing modes (NTMs), the experimentally attainable β N values are found to be lower than that in the 2 > q min > 1.5 regime. The maximum achievable beta in the experiment and the measured no-wall, ideal n = 1 limit decrease with increasing q min [26] .
β Ν values of 3.5-4.0 have so far been possible only with q min < 2. These β N values are significantly above the no-wall beta limit and robust operation has been made possible by resistive wall mode (RWM) stabilization. With suitably broad pressure profiles and wall stabilization, stability calculations indicate that high beta at high q min should be possible.
Utilizing a 2 > q min > 1.5 target discharge, ECCD has been used to sustain a steady current density profile for up to 1.0 s. 
IV. PREDICTIVE MODELING FOR FULL NONINDUCTIVE OPERATION
An NBI discharge with β N ~ 4 has been obtained with q min ~ 1.5. In this discharge, 
